Deaton RA, Gan Q, Owens GK. Sp1-dependent activation of KLF4 is required for PDGF-BB-induced phenotypic modulation of smooth muscle. Am J Physiol Heart Circ Physiol 296: H1027-H1037, 2009. First published January 23, 2009 doi:10.1152/ajpheart.01230.2008.-There is clear evidence that the phenotypic modulation of smooth muscle cells (SMCs) contributes to the pathophysiology of vascular disease. Phenotypic modulation refers to the unique ability of SMCs to alter their phenotype in response to extracellular stimuli and is hallmarked by the loss of SMC marker gene expression. The transcription factor Krüppel-like factor 4 (KLF4) is a known powerful negative regulator of SMC marker gene expression that works, in part, by decreasing the expression of the serum response factor (SRF) myocardin. KLF4 is not expressed in healthy adult SMCs but is increased in SMCs in response to vascular injury in vivo or PDGF-BB treatment in vitro. The aim of the present study was to determine the molecular mechanisms that regulate the expression of KLF4 in phenotypically modulated SMCs. The results demonstrated that the transcription factor stimulating protein-1 (Sp1) regulated the expression of KLF4 in SMCs. The KLF4 promoter contains three consensus Sp1 binding sites. Using a series of truncated KLF4 promoters, we showed that only fragments containing these Sp1 sites could be activated by PDGF-BB. In addition, overexpression of Sp1 alone was sufficient to increase the activity of the KLF4 promoter. Moreover, inhibiting Sp1 expression with small-interfering RNA attenuated the effects of PDGF-BB on KLF4 expression. Mutation of the three Sp1 sites within the KLF4 promoter abolished both baseline and PDGF-BB-induced activity. Finally, the results demonstrated enhanced Sp1 binding to the KLF4 promoter in SMCs treated with PDGF-BB in vitro and following vascular injury in vivo. Taken together, the results suggest a novel role for Sp1 in increasing the expression of KLF4 in phenotypically modulated SMCs.
UNLIKE OTHER CELLS of the myogenic lineage, such as cardiac and skeletal muscle cells, which are terminally differentiated, vascular smooth muscle cells (SMCs) retain the ability to dramatically modulate their phenotype in response to extracellular cues and stimuli. The phenotypic modulation of SMCs plays an important role in normal vascular development as well as the progression of vascular diseases such as atherosclerosis and restenosis (26) . Normally, healthy adult SMCs express a distinct repertoire of SMC-specific marker genes including SM ␣-actin, SM myosin heavy chain (SMMHC), and SM22␣. However, in response to vascular injury or disease, SMCs alter their phenotype toward a more dedifferentiated state, characterized by a decreased expression of SMC marker genes and increased rates of proliferation and migration. An accumulation of these phenotypically modulated SMCs within the diseased vessel contributes to plaque formation and the consequent narrowing of the vascular lumen. Our laboratory has had a long-standing interest in unraveling the molecular mechanisms that contribute to the phenotypic modulation of SMCs to prevent or reduce the contribution of these cells to the progression of vascular diseases.
Platelet-derived growth factor-BB (PDGF-BB) is one of the key modulators of the SMC phenotype (26) . In cultured SMCs, it represses the expression of the SMC marker genes and increases rates of proliferation and migration (7, 15, 30) . In vivo, the expression of PDGF-BB and the PDGF-␤ receptor are increased at the site of vascular lesions and inhibition of their signaling has been reported to reduce neointimal thickening (3, 10, 20, 35, 36, 39) . The PDGF-BB-mediated repression of SMCs genes is mediated through multiple mechanisms including the downregulation of myocardin expression and the disruption of myocardin/megakaryoblastic leukemia factor binding, both of which ultimately result in a disruption of serum response factor (SRF) binding (22, 40) . In addition, we recently found that vascular injury in vivo, as well as the treatment of cultured SMCs with PDGF-BB or oxidized phospholipids, was associated with the increased expression of the transcription factor Krüppel-like factor 4 (KLF4), which is normally not expressed in healthy adult SMCs (22, 28) . Our laboratory previously identified KLF4 as a potent repressor of SMC marker gene expression that works through several mechanisms including 1) direct binding of KLF4 to SMC marker gene promoters through a transforming growth factor-␤ control element (TCE); 2) reducing the binding of the transcription factor SRF to CArG-box elements located within SMC marker gene promoters; 3) decreasing expression of myocardin, a potent SRF coactivator; and 4) recruitment of histone deacetylases that induce changes in chromatin structure associated with transcriptional silencing (21, 22, 25, 40, 41) . There is also direct evidence demonstrating that KLF4 plays an important role in inducing phenotypic switching of SMCs. For example, we previously reported that small-interfering (si)RNA knockdown of KLF4 in cultured SMCs blocked the oxidized phospholipid-induced repression of endogenous SM ␣-actin and SMMHC expression. In addition, siRNA-induced suppression of KLF4 attenuated the PDGF-BB-induced repression of SM ␣-actin promoter-reporter constructs in transient transfection assays, although it has not been determined whether KLF4 also plays a role in mediating the PDGF-BB-mediated repression of endogenous SMC marker genes (22, 28) . Finally, we recently showed that conditional KLF4 knockout mice displayed a delayed repression of SMC marker genes following vascular injury (41) . Despite the fact that we have identified KLF4 as playing an integral role in SMC marker gene repression, the molecular mechanisms responsible for activating KLF4 expression in phenotypically modulated SMCs are currently unknown. There are three binding sites for the transcription factor stimulating protein-1 (Sp1) located in the 5Ј proximal KLF4 promoter that have been reported to play a role in regulating KLF4 expression in other cell types (5) . Interestingly, our laboratory has previously shown that Sp1 expression is increased in SMCs in response to vascular injury in vivo or PDGF-BB treatment in vitro (24, 37) . Moreover, the siRNA-induced suppression of Sp1 abolished the PDGF-BBmediated repression of SMC marker gene expression in cultured SMCs (37). Thus we hypothesized that Sp1 may play an important role in regulating the increased KLF4 expression in phenotypically modulated SMCs in vitro and in vivo.
The overall goals of the present study were 1) to determine whether KLF4 plays an important role in mediating the PDGF-BB-induced repression of multiple endogenous SMC marker genes and 2) to determine whether Sp1 is involved in the upregulating expression of KLF4 in phenotypically modulated SMCs.
MATERIALS AND METHODS
Cell culture and PDGF-BB treatment. Cultured rat aortic SMCs were cultured and stimulated with PDGF-BB (Millipore) or vehicle (10 mM acetic acid ϩ 2 g/ml fatty acid-free BSA) as previously described with minor modifications (7). Cells were plated at a density of 1.0 ϫ 10 4 cells/cm 2 unless otherwise indicated. siRNA transfections. SMCs were transfected with siRNA oligos (MWG Biotech) using Oligofectamine (Invitrogen) according to the manufacturer's protocols with minor modifications. Cells were transfected with 100 -300 nM siRNA oligo (as indicated) for 4 h before the addition of insulin-free serum-free media and incubated for an additional 24 -72 h (as indicated) before treatment or harvest. Sequences of the siRNA oligos used are as follows: small-interfering green fluorescent protein, 5Ј-GAACGGCAUCAAGGUGAAC-3Ј; siKLF4, 5Ј-GUACAAUGGUUUAUUCCCA-3Ј; and siSp1, 5Ј-UUGAGUCAC-CCAAUGAGAA-3Ј. siSp1 plasmid transfections were done using the pMighty system as previously described (37) .
Transient transfection and luciferase assay. Cells were transiently transfected with FuGENE6 (Roche) as previously described (28) . KLF4-luciferase constructs (containing 2,200, 1,190, 520, or 50 bp of proximal KLF4 promoter region) were a gift from Chi-Chuan Tseng (Boston University School of Medicine). The KLF4 p520 Sp1 mutant luciferase plasmid was generated using basic restriction enzyme cloning methods, and mutations were confirmed by sequencing. Briefly, the KLF4 p520 promoter was excised from pGL3 backbone (KpnI/HindIII) and cloned into a pBlueScriptII-KS(Ϫ) that had had the intrinsic NotI site destroyed by T4 DNA polymerase. The resulting plasmid was digested with NotI/NcoI to remove a 142-bp region of the KLF4 p520 promoter (from Ϫ152 to Ϫ10 of the mouse KLF4 promoter) containing the three Sp1 sites. A 142-bp double-stranded oligo containing the NotI/NcoI region of the mouse KLF4 promoter but harboring GGCGGG to GTTTTG substitutions to mutate the three Sp1 binding sites was next generated (IDT) and cloned into the NotI/NcoI-digested KLF4 p520 promoter (lacking the region between Ϫ152 and Ϫ10) in pBlueScript-KS(Ϫ) to generate the KLF4 p520 Sp1 mutant promoter fragment. The entire KLF4 p520 Sp1 mutant promoter was then excised (KpnI/HindIII) from pBlueScript-KS(Ϫ) and cloned back into pGL3 (KpnI/HindIII) to make the KLF4 p520 Sp1 mut-luc plasmid. The cytomegalovirus-Sp1 plasmid was a gift from Robert Tijian (Howard Hughes Medical Institute, University of California). Luciferase activity was measured (in relative luciferase units) and normalized to total protein content as previously described (17) .
Western blot analysis. Cells were lysed using modified radioimmunoprecipitation assay buffer and subjected to immunoblotting using standard techniques as previously described using the following antibodies: KLF4 (custom rabbit antibody generated by Chemicon using the peptide ASGPAGREKTLRPAGC, which corresponds to amino acids 15-29 in mouse KLF4 and is conserved in rat), SM ␣-actin (M2, Sigma), SMMHC (BTI), SM22␣ (Abcam), ␤-tubulin (Cell Signaling Technologies), and Sp1 (Santa Cruz Biotechnology) (17) .
RNA isolation, cDNA synthesis, and quantitative real-time RT-PCR. Total RNA was isolated from cultured SMCs using TRIzol reagent (Invitrogen), and cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's protocols. To quantify the expression of KLF4 mRNA, a real-time RT-PCR analysis (iCycler, Bio-Rad) of cDNA was performed using dual-fluorescence-labeled probes (IDT). All results were normalized to 18S rRNA. Specific primers and probes for each gene are as follows (forward primer, reverse primer, and probe): 18S rRNA (rat), 5Ј-CGGCTACCAC-ATCCAAGGAA-3Ј, 5Ј-AGCTGGAATTACCGCGGC-3Ј, and 5Ј-TGCT-GGCACCAGACTTGCCCTC-3Ј; and KLF4 mRNA (rat), 5Ј-CTTTCCT-GCCAGACCAGATG-3Ј, 5Ј-GGTTTCTCGCCTGTGTGAGT-3Ј, and 5Ј-ATTATCAAGAGCTCATGCCACCGGG-3Ј.
Quantitative chromatin immunoprecipitation assay. Quantitative chromatin immunoprecipitation (ChIP) assays were performed as previously described (16) . Chromatin protein complexes were immunoprecipitated with 3 g anti-Sp1 antibody (Santa Cruz Biotechnology), whereas negative control/input DNA was immunoprecipitated with no antibody. Real-time PCR was performed to amplify the region of the KLF4 promoter containing the three Sp1 sites using the following primer set: forward, 5Ј-TTCCCATGGCAGGACTTTCAA-3Ј; and reverse, 5Ј-ATGGCAGCTAAATAAACAAACT-3Ј.
Rat aorta balloon injury model and in vivo ChIP assay. Male Sprague-Dawley rats (350 -400 g; Charles River) were anesthetized and subjected to acute balloon injury to the thoracic aorta and left common carotid artery in accordance with Institutional Animal Care and Use Committee-approved protocols as previously described (6, 25) . In vivo ChIP assays were performed on injured and uninjured (sham operated) aortas as previously described (11, 25) . Chromatinprotein complexes were immunoprecipitated with 3 g anti-Sp1 antibody (Santa Cruz Biotechnology), whereas negative control/input DNA was immunoprecipitated with no antibody. Semiquantitative RT-PCR was performed using TaqPCRx DNA Polymerase (Invitrogen) per the manufacturer's protocol for G/C-rich templates to amplify the region of the KLF4 promoter containing the three Sp1 sites using the KLF4 promoter primers described for quantitative ChIP assay.
Statistical analysis. Unless otherwise indicated, all experiments were performed in triplicate and represent 2-4-independent experiments giving similar results. Data were analyzed for statistical significance using Student's t-test or one-way ANOVA with Bonferroni's post hoc testing. Error bars represent means Ϯ SE. P values Ͻ 0.05 were considered statistically significant.
RESULTS

siRNA knockdown of KLF4 attenuated PDGF-BB-induced repression of SM ␣-actin, SMMHC, and SM22␣.
Previous studies from our laboratory showed that siRNA-induced suppression of KLF4 blocked the oxidized phospholipidinduced repression of endogenous SM ␣-actin and SMMHC expression and attenuated the PDGF-BB-induced repression of SM ␣-actin promoter activity (22, 28) . We extended these studies to examine whether a knockdown of KLF4 expression would prevent the PDGF-BB-induced repression of endogenous SM ␣-actin, SMMHC, and SM22␣ expression. Cultured SMCs were transfected with siRNA oligos specific for the knockdown of KLF4 expression. Following knockdown, the cells were treated with PDGF-BB for either 3 h (to show maximal KLF4 induction) or 72 h (to show maximal SMC marker gene repression), and changes in endogenous KLF4 and SMC marker gene expression were analyzed by Western blot analysis. Time points were selected based on our previous results showing that KLF4 induction is both rapid and transient in response to PDGF-BB in vitro or vascular injury in vivo (22, 41) . siKLF4 oligos dramatically attenuated PDGF-BB-mediated increases in KLF4 expression as measured by both quantitative real-time RT-PCR (Fig. 1A) and Western blot analysis (Fig. 1, B and C) . Furthermore, the knockdown of KLF4 attenuated the PDGF-BB-mediated repression of SM ␣-actin, SMMHC, and SM22␣ (Fig. 1, B and C) . These data provide compelling evidence that KLF4 plays an important role in mediating the PDGF-BB-induced repression of SMC marker genes. Fig. 1 . PDGF-BB-mediated increase in Krüppel-like factor 4 (KLF4) expression were required for repression of smooth muscle (SM) cell (SMC) marker genes. SMCs were transfected with 300 nM control [small-interfering green fluorescent protein (siGFP)] or KLF4-specific (siKLF4) siRNA oligos and treated with vehicle (V) or PDGF-BB (BB) (30 ng/ml) for 3 h (KLF4) or 72 h (SMC genes). A: changes in KLF4 mRNA were measured by quantitative real-time RT-PCR. B: changes in KLF4, SM ␣-actin, SM myosin heavy chain (SMMHC), and SM22␣ proteins were determined by Western blot analysis. ␤-Tubulin was examined as a control for loading. C: changes in protein levels were quantified using densitometry. All values represent means (normalized to vehicle) Ϯ SE. *P Ͻ 0.05 compared with siGFP; **P Ͻ 0.05, compared with siKLF4 (n ϭ 3 experiments).
PDGF-BB-induced increases in KLF4 promoter activity required regulatory elements between Ϫ520 and Ϫ50 bp of the 5Ј region of the KLF4 promoter. To determine the region of the KLF4 promoter required for increased KLF4 expression in response to PDGF-BB treatment of cultured SMCs, we used a series of promoter-reporter plasmids containing various lengths of the KLF4 promoter (depicted in Fig. 2A ). Cultured SMCs were transfected with the different KLF4 promoter-reporter plasmids and treated with either vehicle or PDGF-BB. Promoter activity was analyzed by luciferase assay. The results showed that PDGF-BB increased the activity of the 2,200-, 1,190-, and 520-bp promoters but was unable to increase the activity of the 50-bp promoter. These results suggest that the regulatory elements necessary for the PDGF-BB-induced increase in KLF4 expression are found within Ϫ520 and Ϫ50 bp of the 5Ј region of the KLF4 promoter.
The KLF4 promoter contains three Sp1 binding sites, and overexpression of Sp1 alone was sufficient to activate the KLF4 promoter. There are three consensus Sp1 binding sites located between Ϫ150 and Ϫ50 bp of the KLF4 promoter (as depicted in Fig. 3A ). These sites have been shown to be required for the increased expression of KLF4 in HT-29 colon cancer cells in response to butyrate treatment (5). Interestingly, our laboratory previously reported that Sp1 expression was increased in the neointima following balloon injury of the rat carotid artery (24) . In addition, we previously found that the treatment of cultured SMCs with PDGF-BB caused an increased expression, phosphorylation, and nuclear localization of Sp1 (37) . Based on this previous data, we hypothesized that Sp1 may regulate KLF4 expression in SMCs. To determine whether the expression of Sp1 alone could increase KLF4 expression in SMCs, we cotransfected SMCs with the various KLF4 promoterreporter plasmids and increasing amounts of a Sp1 expression plasmid. The results showed that the overexpression of Sp1 alone increased the activity of the 2,200-, 1,190-, and 520-bp KLF4 promoters in a dose-dependent manner (Fig. 3B) . The 50-bp KLF4 promoter, which does not contain the Sp1 sites, was unaffected by Sp1 overexpression. These results provide evidence that Sp1 may contribute to the regulation of KLF4 expression in cultured SMCs.
siRNA-induced suppression of Sp1 prevented PDGF-BBinduced activation of the KLF4 promoter. To determine whether Sp1 is required for the PDGF-BB-induced activation of the KLF4 promoter, SMCs were cotransfected with control (siScramble) or Sp1-specific (siSp1) siRNA plasmids (to knockdown Sp1) and one of the KLF4 promoter-reporter plasmids. Following knockdown, cells were treated with vehicle or PDGF-BB and promoter activity was analyzed by luciferase assay. The knockdown of Sp1 prevented PDGF-BBinduced activation of the 2,200-, 1,190-, and 520-bp KLF4 promoters, which contain the Sp1 binding sites (Fig. 4 ). These data demonstrate that Sp1 is required for the PDGF-BBmediated activation of the KLF4 promoter in cultured SMCs.
Knockdown of Sp1 prevented PDGF-BB-induced increases in endogenous KLF4 expression. Thus far, we have used KLF4 promoter-reporter constructs as an indicator of the relative changes in the expression of KLF4 in response to PDGF-BB treatment. To ensure that our results were not merely an artifact of using artificial, truncated, episomal promoter-reporter constructs, we analyzed whether siRNA knockdown of Sp1 could prevent PDGF-BB-induced increases in endogenous KLF4 expression as measured by quantitative real-time RT-PCR. SMCs were transfected with siRNA oligos to knockdown Sp1 expression followed by treatment with vehicle or PDGF-BB. Efficient Sp1 knockdown was confirmed by Western blot analysis (Fig. 5A) . Quantitative real-time PCR results showed that the knockdown of Sp1 abolished the PDGF-BB-induced increase in KLF4 expression (Fig. 5B) . These results provide evidence that Sp1 is required for the increased expression of endogenous KLF4 in SMCs treated with PDGF-BB.
The three Sp1 sites in the KLF4 promoter were required for both baseline and PDGF-BB-induced KLF4 promoter activity. To directly test whether the three Sp1 sites within the KLF4 promoter were responsible and required for PDGF-BBinduced increase in KLF4 promoter activity, the sequence of each of these sites was mutated from GGCGGG to GTTTTG (as depicted in Fig. 6A ), which has previously been shown to abolish Sp1 binding (5) . To test the effect of these mutations, SMCs were transfected with either the wild-type or Sp1 mutant 520-bp KLF4 promoter-reporter plasmid and treated with vehicle or PDGF-BB. Interestingly, the mutation of the three Sp1 sites drastically decreased the baseline activity of the 520-bp KLF4 promoter compared with wildtype (Fig. 6B) . In addition, the mutation of the three Sp1 sites prevented PDGF-BB-induced increases in KLF4 promoter activity. Taken together, these data suggest that the three Sp1 sites in the KLF4 promoter are required for both baseline and PDGF-BB-induced KLF4 promoter activity in SMCs. 
Binding of Sp1 to the endogenous KLF4 promoter is increased in cultured SMCs treated with PDGF-BB in vitro and following vascular injury in vivo.
To determine whether PDGF-BB enhances the binding of Sp1 to the three Sp1 sites in the endogenous KLF4 promoter within intact chromatin, we performed quantitative ChIP analysis on chromatin isolated from SMC treated with vehicle or PDGF-BB. As shown in Fig. 7A , Sp1 binding was enhanced twofold in SMCs treated with PDGF-BB compared with no antibody and SRF antibody controls. These results demonstrate that PDGF-BB stimulates the binding of Sp1 to the endogenous KLF4 promoter in cultured SMCs. To further extend these studies, we examined whether Sp1 binding to the KLF4 promoter was enhanced in the rat aorta following vascular injury. For these experiments, we performed in vivo ChIP assays on chromatin isolated from aortic tissue of either sham-operated (uninjured) rats or rats that had been subjected to aortic balloon injury. As shown in Fig. 7 , B and C, the Sp1 binding to the endogenous KLF4 promoter was enhanced twofold in response to balloon injury compared with no antibody or input controls. Taken together, these results provide compelling evidence that the binding of Sp1 to the KLF4 promoter plays an important role in mediating an increased expression of KLF4 in phenotypically modulated SMCs in vitro and in vivo.
DISCUSSION
The overall goals of the present study were to determine whether KLF4 plays an important role in mediating a PDGF-BB-induced repression of multiple endogenous SMC marker genes and to determine the molecular mechanism(s) required for an increased expression of KLF4 in phenotypically modulated SMCs. The results showed that KLF4 played a key role in mediating the repressive effects of PDGF-BB on SM ␣-actin, SMMHC, and SM22␣ in cultured SMCs. Moreover, we found that KLF4 expression was regulated by a direct binding of Sp1 to the KLF4 promoter not only in cultured SMCs treated with PDGF-BB but also in vivo within the rat aorta following vascular injury. Of major interest, the results of recent studies from our laboratory demonstrated that KLF4 expression is rapidly induced following vascular injury in vivo and that the conditional knockout of KLF4 in mice resulted in a transient delay in the downregulation of multiple SMC marker genes following vascular injury (22, 41) . Moreover, it has previously been shown that Sp1 expression is increased in vivo following vascular injury (24) . Taken together, these results and those of the present studies provide novel evidence that injury-induced phenotypic switching of SMCs in vivo is mediated, at least in part, through Sp1-dependent increases in KLF4 expression (Fig. 8) .
Of note, it appears that the suppression of KLF4 expression effectively blocked the PDGF-BB-induced repression of SM ␣-actin and SM22␣ but only partially attenuated the PDGF-BB-induced repression of SMMHC (Fig. 1, B and C) . This may be due to the fact that we were only able to partially abrogate the PDGF-BB-induced expression of KLF4 at the protein level (Fig. 1, B and C) . Interestingly, a suppression of the KLF4 expression also increased baseline SMMHC expression in addition to partially attenuating the PDGF-BB-induced repression of this gene. Taken together, these results suggest that SMMHC may be more sensitive to subtle changes in KLF4 expression and/or that KLF4 may be more important for regulating the basal expression of SMMHC. However, it is also likely that KLF4 works in conjunction or in parallel with other well-documented PDGF-BB-induced repression mechanisms (8, 18, 32, 38) . Consistent with this possibility, vascular injury in conditional KLF4 knockout mice resulted in a reduced downregulation of SM ␣-actin and SM22␣ expression at 3 days postinjury, but by 7 days postinjury, alternative, presumably KLF4 independent, pathways had compensated.
Indeed, the exact mechanisms whereby KLF4 represses the expression of SMC marker genes are still unclear. We previously presented evidence based on in vitro electrophoretic mobility shift assays showing that KLF4 bound to TCE elements contained within multiple SMC marker genes (1, 14) . In addition, we also recently presented ChIP assay results showing increased binding of KLF4 to the TCE-containing region of the endogenous SM ␣-actin and SM22␣ promoters in vivo following vascular injury or in cultured SMC overexpressing KLF4 (21, 41) . Interestingly, the TCE-containing regions of the SM22␣ and SMMHC promoters also contain a G/Crepressor element that closely resembles the KLF4 consensus binding site, and we have shown that the SM22␣ G/C-repressor element is required for the downregulation of expression of this gene during the phenotypic switching of SMCs in vivo in response to wire-induced injury or experimental atherosclerosis in the apolipoprotein E-deficient mouse (31, 37) . As such, a key unresolved issue is whether the effects of KLF4 in vivo are mediated through a direct binding of KLF4 to the TCE or the G/C repressor. In addition to directly binding the SMC marker gene promoters to decrease their activity, KLF4 can also inhibit myocardin expression (22) . Interestingly, there are several consensus KLF4 binding sites within the recently identified myocardin promoter, although the ability of KLF4 to bind to these sites has not yet been determined, nor have studies been done to determine whether a mutation of the KLF4 sites in the myocardin promoter prevent KLF4-dependent repression of its expression. Finally, KLF4 can decrease SRF binding to SMC marker gene promoters although it is unclear whether this is due to a binding of KLF4 to the SMC marker gene promoters, a decreased myocardin expression, or an as yet undefined mechanism (22) . Despite our incomplete knowledge of the precise mechanisms of KLF4-mediated repression, it is clear that it involves multiple mechanisms that significantly contribute to SMC phenotypic modulation.
The results of the present studies showed that PDGF-BBinduced expression of KLF4 was dependent on a binding of Sp1 to the KLF4 promoter. Our initial studies were done using a truncated KLF4 promoter fragment; therefore, it is possible that there are additional unidentified regulatory regions that may also play a role in PDGF-BB-induced KLF4 expression (in addition to Sp1). However, we confirmed that Sp1 does bind to the region of the endogenous KLF4 promoter containing the three Sp1 sites within intact chromatin in response to PDGF-BB treatment of SMCs and that knockdown of Sp1 prevented PDGF-BB-induced increases in endogenous KLF4 expression. These data demonstrate that the effects of Sp1 are not artifacts of using a truncated, episomal KLF4 promoterreporter plasmid but represent a functionally relevant signaling pathway. Importantly, we have previously shown that Sp1 plays a critical role in the PDGF-BB-induced repression of SMC marker genes in part through the G/C-repressor element. Our current data support and extend our previous findings by identifying an additional mechanism through which Sp1 mediates the repression of SMC marker genes. Interestingly, we have been unable to detect Sp1 bound to the either the SMMHC or SM22␣ G/C repressor within intact chromatin (23, 37) . Based on data presented here, it is possible that the repressive effects of Sp1 are due to an increased expression and binding of KLF4 to the G/C repressor and not through a direct binding of Sp1 to this element. It is also possible that KLF4 mediates Sp1-dependent repression of SMC marker genes through a non-G/C-repressor-dependent mechanism since our previous studies showed that the mutation of the G/C repressor in the SM22␣ promoter only partially blocked PDGF-BB/Sp1-dependent repression (37) . The fact that Sp1 increases KLF4 expression and represses SMC marker gene expression raises the possibility that Sp1 may alter the expression of multiple genes that contribute to phenotypic switching. Indeed, Sp1 has been shown to increase the expression of genes involved in promoting SMC proliferation (such as PDGF-A, -B, and -D), migration (such as matrix metalloproteinase-9), and inflammation (such as ICAM-1) (19, 27, 29, 33, 34) . In contrast, others have reported an antiproliferative role for Sp1 in SMCs (2, 12) . Interestingly, our laboratory recently reported that conditional KLF4 knockout mice displayed both a transient delay in SMC marker gene repression as well as an increased neointimal formation and SMC proliferation following vascular injury (41) . Moreover, we have recently shown that siRNA-mediated suppression of KLF4 can reduce the migration of cultured SMCs stimulated by the proatherogenic oxidized phospholipid POVPC (O. Cherapanova and G. K. Owens, unpublished observations). Taken together, it is possible that Sp1, much like KLF4, may play multiple different roles in regulating the SMC phenotype.
Our laboratory has previously reported that PDGF-BB not only increased Sp1 expression but also induced its nuclear localization and phosphorylation, which is reported to increase its transcriptional activity (29, 34, 37) . Interestingly, we have also previously shown that the pretreatment with the protein synthesis inhibitor cyclohexamine had no effect on PDGF-BBinduced KLF4 expression (22) . This is consistent with our results demonstrating that the binding of Sp1 to the KLF4 promoter and the increased KLF4 expression occurred very rapidly following PDGF-BB treatment of SMCs (within 30 -60 min). Taken together, these data strongly suggest that rapid posttranslational modifications of Sp1 may be important for inducing KLF4 expression. Of interest, it has been reported that Sp1 can be phosphorylated by ERK1/2 (4). Moreover, the activation of ERK1/2 has been shown to play a role in the PDGF-BB-induced repression of SMC marker genes through an Elk-1-dependent mechanism (38) . Despite this, we found that the inhibition of the ERK1/2 signaling pathway using PD-98059 had no effect on the PDGF-BB-induced upregulation of KLF4 expression (data not shown). Additionally, the inhibitors to JNK (SP-600126), p38 MAPK (SB-203580), and phosphatidylinositol 3-kinase (LY-294002) were also ineffective at blocking the PDGF-BB-induced upregulation of KLF4 expression (data not shown). Additional studies will be needed to determine the signaling pathway(s) required for activating an Sp1-dependent increase in KLF4 expression in SMCs.
Of critical significance, the results from in vivo ChIP assays showed an increased binding of Sp1 to the KLF4 promoter in rat aorta in response to balloon vascular injury (an in vivo model of phenotypic modulation of SMCs). This strongly suggests that the role of a Sp1-mediated increase in KLF4 expression is not an artifact of cell culture or PDGF-BB treatment but may represent a universal mechanism to increase KLF4 expression resulting in the phenotypic modulation of SMCs associated with vascular disease/injury. Although the results from our in vivo ChIP assay using injured aorta coincide with the results of our in vitro ChIP assays using PDGF-BB-treated cultured SMCs, we cannot definitively determine whether the increased binding of Sp1 to the KLF4 promoter following injury occurs exclusively in the SMC component of the aorta. KLF4 is expressed in endothelial cells, although its reported role is anti-inflammatory and thus its expression would be expected to be downregulated (not upregulated) following vascular injury (13) . KLF4 is also increased in macrophages in response to proinflammatory stimuli and therefore would be expected to be upregulated in macrophages following vascular injury (9) . Therefore, in theory, it is conceivable that Sp1 binding to the KLF4 promoter may be elevated in chromatin isolated from macrophages following vascular injury. However, masswise, the majority of chromatin isolated from an intact aorta is derived from SMCs, not ECs or macrophages. Thus it is likely that the increased binding of Sp1 to the KLF4 promoter following vascular injury seen in our in vivo ChIP assay occurred primarily in SMCs. It will be interesting to determine whether Sp1-mediated increases in KLF4 expression also occurs in other animal models of vascular disease, including naturally occurring and experimentally induced atherosclerosis.
In summary, we provide evidence that KLF4 plays a critical role in the PDGF-BB-mediated repression of SMC marker genes. PDGF-BB-induced increases in KLF4 expression were mediated through a Sp1-dependent mechanism that involves the direct binding of Sp1 to the KLF4 promoter and requires three consensus Sp1 sites. The knockdown of Sp1 or mutation of the Sp1 binding sites within the KLF4 promoter prevented the PDGF-BB-induced activation of KLF4. Sp1 may also play a critical role in increasing KLF4 expression in vivo in re- sponse to vascular injury as Sp1 binding to the KLF4 promoter was increased following aortic balloon injury. Further studies are needed to determine whether the Sp1-dependent induction of KLF4 expression is a universal mechanism involved in the phenotypic modulation of SMCs in vascular diseases, such as experimental and naturally occurring atherosclerosis.
